Technical solutions for the recovery of products from waste materials become more and more available. To have these new technologies implemented in a real world, a feasibility study is indispensable. For this purpose, it is often imperative to adopt the viewpoint of an individual firm and ask whether it would be wise to engage in product recovery activities or not. Aspects of economics and logistics are of prime importance here. Some important frameworks, models, and insights that have been developed in recent years are described in this paper.
Introduction
Product recovery is an environmentally conscious approach where products are returned from users to be reused. Product recovery aims at recovering the residual value of used products. Recovery options include the extension of the life span of a product or some of its parts (through repair and remanufacturing) or of materials (through recycling). Recovery prevents waste by diverting materials from landfills and conserves natural resources (energy and materials).
Firms are often encouraged to offer product recovery activities as a demonstration of corporate citizenship. However, this may prove to be an unrealistic expectation since a rational firm will only engage in profitable ventures; those that increase shareholder wealth (Guide & Van Wassenhove 2001) . Whenever product recovery is feasible from a technical point of view, it might not be reasonable for an individual firm to engage in these activities.
Based on our own research activities in this field, the main obstacles that have been identified when introducing product recovery in the economic landscape are highlighted. Important frameworks, models, and insights that have been developed in recent years are described. This overview contributes to the conduct of feasibility studies of several (technical) recovery scenarios in which aspects of economics and logistics are of importance.
The discussion is structured in four main parts: (1) the acceptance of product recovery as a viable economic activity for an individual firm; (2) product recovery management for a remanufacturing or recycling facility; (3) reverse logistics network design; and (4) aspects related to the effective and efficient collection from (end-) customers.
Acceptance of product recovery
Technical solutions that transfer a returned product into a product that could find some new use become more and more available. Examples are abundant: refilling toner cartridges, remanufacturing single-use cameras, tire retreading, refurbishing electrical motors, remanufacturing IT-equipment, plastics recycling, composting green household waste, etc. The fact that landfilling is prevented and that the (environmental) processing cost for the transfer is lower than the (environmental) cost to produce from virgin materials, is not enough to have it implemented in the real world. The question is whether it is worthwhile for a firm to engage in product recovery activities.
Shareholder wealth
First, the firm will establish if these activities will increase shareholder wealth. As pointed out by Guide and Van Wassenhove (2001) , it may not be reasonable for every original equipment manufacturer (OEM) to engage in product recovery activities. Fast growing firms, in for example electronics and telecommunication, may need all the available capital to invest in core activities. The stock market is expecting high returns, and firms may require high return on capital expenditures or favourable economic value analysis. It may be rational for an OEM to not engage in reuse activities, to subcontract, or encourage the startup of corporate spin-offs. The decision whether or not to engage in reuse activities directly, indirectly, or not at all is driven by a thorough economic analysis of the costs and benefits of such a program for the individual firm. In the event that product recovery is mandated, a careful economic analysis is required to determine the best way to do the recovery, including the best form(s) of recovery (remanufacturing, recycling, …). Guide and Van Wassenhove (2001) propose the method of Economic Value Added (EVA) as the principal framework to determine the potential profitability of reuse opportunities. EVA measures the difference between the return on a company's capital and the cost of that capital. A positive EVA indicates that value will be created for the firm's shareholders that satisfies their expectation; a negative EVA shows that value will not be created. The decision may be unprofitable for a large firm in a market where high returns are required by stockholders, but profitable for smaller firms where lower returns may be acceptable. This may in part explain the observation of Majumder and Groenevelt (2001) that smaller local firms often remanufacture a product even when the larger firms (OEMs) have not started remanufacturing.
Economic value added

2.1.2.
From waste stream to market-driven management Guide and Van Wassenhove (2001) also advocate the concept of Product Acquisition Management (PAM) as a key input to assessing the potential economic attractiveness of reuse activities, and as a foundation for operational planning and control activities. PAM is part of a market-driven system, in which financial incentives should motivate endusers to return their products in the right quality to a firm specializing in the reuse of those products. The financial incentives could include deposit systems, credit toward a new unit, or cash paid for a specified level of quality. Firms are then able to control the level of quality of returned products since acceptance of returns is conditioned by standards. The example given is that of a thirdparty remanufacturer of mobile telephones in the United States, which has adopted six nominal quality levels and six different associated prices offered for specific mobile phones that are returned. A market driven approach will encourage the formation of cascade reuse systems, where products unprofitable for one firm to remanufacture may be offered to firms willing to recycle materials.
The market-driven system is in contrast with what they call the waste stream system, where firms passively accept all product returns from the waste stream, often including large volumes of returns of low recovery potential. They argue that PAM in the market-driven approach has also several operational advantages in the recovery facilities compared to the waste stream approach, including lower inventory levels and work-in-process, better utilization of equipment, more stable and short lead times, and less leakage (disposal). Even if product returns may be mandated or encouraged by legislative acts, firms may still encourage the returns of products in known condition by offering incentives. In such an environment, a combination of the market-driven and waste stream approaches is still possible.
The PAM/EVA approach is conceptually attractive, but a difficulty in the application is the establishment of the exact relationship between the offered set of incentives and the distribution of the returning products among the different quality levels. Also, the market's willingness to purchase recovered products has to be established. In any case, it is recommended to use several estimatespessimistic, neutral, and optimistic -in the analysis. There are also other strategic considerations to be made, which may complicate the assessment of the value of product recovery. These issues are discussed in the remainder of this section.
Marketing and product design
Engaging in recovery activities may have implications on several strategic levels. First, there are marketing-related issues. A firm has to consider the competitive advantages in adopting a green image. At present, very little research showing the effects of a green image on sales is available.
Cannibalization effect
A marketing-related strategic concern is the cannibalization of new sales. There are risks in providing recovered products that may compete for sales with the new products of the firm, and these risks should be better understood. The situation where recovered products can find a market of consumers willing to pay the same or more than for a substitute new product, are rather the exception than the rule. Many recovered products have a reputation problem, and as a consequence, have to be sold at lower prices to the low-end consumers of a market. The relative price setting of new and recovered products will determine for a specific market the relative volumes sold, and the question is which set of prices will maximize shareholder value.
A framework for Price Setting Management (PSM) is found in the literature on market segmentation. Market segmentation literature studies the optimal pricing of independent products that are differentiated by quality in a market of heterogeneous consumers whose valuations of quality vary. However, in a product recovery setting, there may be a strong dependence between the two products: the supply of used products that can be recovered depends on the past sales volumes of new products. Furthermore, it also depends on the percentage of products that are effectively collected and among those only a fraction will be fit for recovery. Ferrer (2000) solves the market segmentation problem and finds that product recovery is not viable if the resulting cost savings are not high enough to price the recovered product above its marginal cost.
Product design impacts the level
of recoverability The decision to engage in product recovery activities may also be influenced by Product Design Management (PDM). Design features such as material choice, design modularity, parts commonality across product generations, and durability are critical planning decisions.
Product design may influence the recovery potential. Consider, for example, the tire retreading business (see e.g. www.retread.org). A tire is composed of a tread, the outer layer of a tire in direct contact with the road, and a casing, the inner structure of the tire, which consists of rubber reinforced with steel cord. When the tire is worn, the tread can no longer be used, but the casing is often still in good shape. Tire retreading is a process that replaces the worn out tread by a new one. By increasing the amount of steel cord in the casing, a manufacturer of tires can increase the percentage of collected tires that are retreadable.
Another example is whether or not to include modern information technology into new electronic products to increase the knowledge about product quality (Klausner et al. 1999) . Sensorbased data recording devices and electronic data loggers can be imbedded into, for example, new power tools to record the peak load and temperature during usage. The chip, of course, has to be mounted on every new power tool in order to record the data. Reading this data from a used power tool allows having a better assessment of quality and as a result, increasing the fraction of used products that can be remanufactured.
Price setting and product design
In the above two examples, tire retreading and power tool remanufacturing, increasing the percentage of recoverable products also increases the production cost of a new product. In addition, a remanfuactured power tool or retreaded tire is valued less by consumers. In short, there are many situations where it is reasonable to consider PSM and PDM simultaneously.
Is producing a remanufacturable product worthwhile? Debo et al. (2001) consider this issue in the context of simultaneous PSM and PDM, hence focusing on the simultaneous determination of product prices and product design. In their micro-economic model, they consider a general market structure for a monopolistic firm. An important characteristic in the model is the product parameter q (0 £ q £ 1), representing the remanufacturability level i.e. the fraction of used products that can be remanufactured. The cost to manufacture the new product, c n (q), is a convex function of q, while the cost to remanufacture a returned product, c r , is a constant. Assuming a used product has no value for the customer unless it is remanufactured by the OEM, products are only once remanufacturable, and all used products become freely available for the OEM, it is found that it is profitable for the OEM to engage in remanufacturing and make its new product remanufacturable if and only if:
is the perceived depreciation of a remanufactured product compared to the new product (the decrease in utility), and c n (0) is the cost of producing a single use, i.e. non-remanufacturable, version of the product. They thus find that the question whether to engage in remanufacturing only depends on the production costs and the perceived depreciation. The consumer types -whether there are many high-valuation customers or many low-valuation customers -are irrelevant, as long as all customer types exist. It becomes more likely that remanufacturing is profitable if, all else equal, the production costs of the single use product are high, the perceived depreciation of a remanufactured product is low, the remanufacturing costs are low, or the required efforts to make a single use product remanufacturable is low. They also investigate the issue of how far to go in making the product remanufacturable (the proper value of q). It is found that this depends on the market structure. A manufacturer chooses a higher level of q in a market where relatively more consumers are interested in remanufactured products and fewer are interested in a new product. Therefore, all else equal, the manufacturer has to supply more remanufacturable products with fewer new products and therefore chooses a higher level of q. In such a market, it is found that it may be optimal that the new product may be sold at a loss (to capture their future value from selling them remanufactured). This is specific to product recovery. Also specific to product recovery is that a reduction in remanufacturing cost can lead to either a decrease or an increase in the demand for new products. If one would regard the new and remanufactured products as two substitutes of different quality without the supply restriction, than the new product will never be sold at a loss. Furthermore, a reduction in remanufacturing cost will then decrease the volume of new products sold.
Finally, Debo et al. (2001) find that the manufacturer may not find it profitable to collect all used products when a collection cost is incurred. In addition, the cost of recuperating the used products may influence the remanufacturability level that the manufacturer builds into the product. With linear collection costs in the volume collected, the model shows that the higher the unit collection cost, the more low-end customers need to exist for the remanufacturability of the products to be worthwhile. Table 1 illustrates the use of the equation presented in Section 2.2.3. Most of the data are based on results from the retread industry (www.retread.org). Assume a new single-use truck tire costs $260 to produce, a retreadible new truck tire $286, and the cost of retreading $78/tire. Retreadable truck tires are being maintained properly by the transportation industry and returned for retreading before the tread is completely worn. Therefore, the remanufacturability level is high, about 80%. Similar values are given in the table for car tires. In contrast with truck tires, however, car tires are used over a longer period of time, while being less intensively maintained, and therefore, the remanufacturability level is lower. It is estimated to be about 40%.
Example: Tire retreading
The value of remanufacturing is now calculated for various estimates of the perceived depreciation. There are reasonable indications that the truck tire Table 1 . Economic value of truck tire versus car tire retreading . This results in a positive evaluation of remanufacturing for the truck tire but a negative evaluation for the car tire. Even if the remanufacturability level of car tires would increase to 80%, the difference in perceived depreciation would keep these conclusions unchanged. The bad reputation problem is often neglected in operations literature. However, it is probably one of the main factors why the majority of the truck tires are retreaded while passenger car tires are almost not being retreaded. Furthermore, the collection of passenger tires is more costly than from the more structured market of distribution transport. This places an even larger burden on the profitability of retreading passenger car tires.
Aspects of competition in product recovery
The origin of competition in remanufacturing is often the reverse logistics chain. The agents in this reverse chain are responsible for gathering the used items, classifying and segregating them, and finally transporting them to the manufacturer. They often take up some of the activities of remanufacturing like disassembly and cleaning. The manufacturer cannot maintain complete control over the entire chain; this may give rise to opportunistic behaviour by some agents in the chain, particularly if the entire remanufacturing process can be duplicated.
Competition is a matter of considerable concern for OEMs. They have invested in the design and manufacturing of the item and may want to corner the cost benefits of remanufacturing by trying to put legal restrictions on local remanufacturing or by product redesign that restricts their access for local remanufacturers. On the other hand, there are reasons from the viewpoint of society to have local remanufacturing activities; the local remanufacturers may be quicker and make the remanufacturing market more competitive. Communities and legislative bodies may be interested in reducing waste disposal and may want to increase net remanufacturing activity. Majumder and Groenevelt (2001) give the following example. Lexmark, a US-based printer and toner cartridge manufacturer, took the following actions when faced with fierce competition from local remanufacturers:
Lexmark introduced the ''Prebate'' program in April 1998. This program allows customers to get a $30 rebate off a $230 toner cartridge (Optra-S) if they agree to return the used cartridge to Lexmark or destroy it (the cartridge is also available without Prebate). Simultaneously, Lexmark sent letters to hundreds of smaller cartridge remanufacturers stating that they would face legal action if they remanufactured Prebate cartridges. Some types of toner cartridges have an encrypted counter that must be reset by the OEM in order to continue printing.
Depending on the specifics of the situation, such methods can be considered to either restrict the local remanufacturer's access to used items, or to increase their cost of remanufacturing (or both).
Majumder and Groenevelt (2001) build a game-theoretic model to investigate the aspect of competition between an OEM and a local remanufacturer. It is found that the OEM wants to increase the local remanufacturer's cost -which may even drive the local remanufacturer out of business. The local remanufacturer on the other hand wants to lower the OEM's production cost, in effect inducing the OEM to produce more new products. To stimulate remanufacturing, a social planner can give incentives to the OEM to increase the fraction available for remanufacturing, or reduce his remanufacturing costs.
Although competition seems to shed a negative light on product recovery, there are also some positive points. First, it is found that it is possible that the OEM can make higher profits with remanufacturing in the face of competition than without remanufacturing in a monopoly. Second, a local remanufacturer may be interested in cooperating with the OEM to make used products available to the OEM cheaply, in spite of being involved in price competition with the OEM at the same time.
Finally, competitive models seem to be outperformed by models of full cooperation. In particular, if the cost of local remanufacturers is not higher than the remanufacturing cost of the OEM, the OEM may subcontract remanufacturing to local firms. Of course, there are many other factors involved in such decisions as well. Obstacles that may need to be addressed are related to incentive alignment and information sharing. Factors against subcontracting, for example, would be excessive coordination costs or the loss of vital proprietary information.
Impact of legislation
The question whether product recovery is economically attractive or not has to be viewed within the legal framework in which the firm operates. In the European Union (EU), a number of recent legislative acts, known as producer responsibility laws, require manufacturers to collect and reuse their products. In the EU producer responsibility laws for electric and electronic products, 4 kg per inhabitant has been set as a target for collection. Some sources claim that the real volumes that arise are much higher. The EU may increase the target in the future. Furthermore, minimum levels of recycling have been set on collected products of certain product types. The requirements for firms doing business in the EU may act as entry barriers for firms not aware of the changes required for reverse logistics activities. Legislation in the United States tends to encourage, rather than mandate, reuse activities. However, more and more individual states have banned the landfill of cathode ray tubes and some electronics equipment, and the number of states banning specific products from landfill is expected to grow.
Legislation may impose the (re)manufacturer to indicate that the product is a refurbished or remanufactured product, or that the product contains recycled material or reclaimed parts. A retreaded tire in the EU, for example, has to be marked on the side to allow consumers to distinguish it from a new tire. In general, this may have a positive or negative impact on the customer's valuation of the recovered product. It is still a question whether labelling will ultimately lead to more reuse and recycling.
Although global sourcing has become a key factor in many supply chains, the question is whether this is equally beneficial for reverse chains. Furthermore, the movement of old products to other countries is an issue of great concern, leading to many ''not in my backyard'' discussions. A restriction on cross-border waste transportation, however, may limit the exploitation of large-scale, more efficient, waste recycling facilities.
Despite the new laws related to producer responsibility and landfill bans, the current amounts that are being reused or recycled are still not as high as desired by some social planners. The EU is contemplating on legislative acts that specify a minimum recycling content in new products. However, lobbying by industry has resulted so far in fairly weak restrictions. It seems difficult to impose such restrictions unilaterally without weakening the global competitive level of firms. Furthermore, it is currently not clear which form of recovery, including incineration with energy recovery, is most appropriate.
One may also ask if by subsidizing remanufacturing one could increase the number of recovered products and reduce the number of new products sold. When new products and recovered products are considered substitutes, this may well have the desired effect. However, in the case of product recovery it may also turn out to have the opposite effect, as indicated by the model of Debo et al. ( 
discussed in Section 2.2.3).
A subsidy corresponds in their model to an exogenous decrease in remanufacturing costs. It is shown that this may increase the demand for new products. This effect is exactly the opposite of what the legislator is expecting. Indeed, the manufacturer may be inclined to invest less in remanufacturability since this lowers its price for new products and this could increase total sales and profits from new products.
Legislation is currently favouring the approach to let the manufacturers pay for disposal. This acts like an increase in the production cost of a new product, since all manufactured products will eventually be disposed of. The hoped for result is the increase in the effective recovery level and a (relative) decrease in the total sales volume of products containing only virgin materials. In more and more states across the world, landfill costs and the number of landfill bans of certain product types are expected to grow.
According to Ayres (1997) , there is growing evidence that the use of extractive resources is under priced whilst labour -which carries almost the entire tax burden of government -is not. He argues that governments may well start to re-allocate the tax burden towards the use of virgin materials. This would certainly have an effect in the economic evaluation of reuse and recycling activities in comparison with virgin material production.
Obstacles within remanufacturing and recycling
Management of recovery operations differs significantly from conventional operations management. This statement is illustrated in the next two sections.
Product remanufacturing
In the literature, there seem to be a consensus about the two main obstacles for product remanufacturing. First, there is the uncertainty involved in the take-back process of returned products. This uncertainty comprises the variety, quality, quantity, and timing of the returning products. In order to provide a buffer for fluctuations in product return and customer demand, remanufacturers tend to have very high stock levels. Unknown states of the recovered parts leads to stochastic routing and remanufacturing lead times, and a high degree of uncertainty in material planning. Another dominating obstacle is the necessity for an efficient and effective reverse logistics network that collects the interesting products from the (end-) customer to a processing facility.
The examination by Seitz et al. (2003) of a European automotive engine remanufacturer illustrates these findings pretty well. It is observed that there are more engines (cores) returned to the remanufacturer than are actually being used in the process. Core returns depend on engine breakdowns and the engines returned are not necessarily the ones required in the recovery process at the time. There is, in other words, a difficulty in balancing returns and demand, and one of the consequences are excessive inventories of cores. Exports of good used cars to other continents were considered major obstacles. In the assembly process, small batch sizes are being used, and skilled people are needed throughout the process. Compared to conventional mass production, where a large number of the same product is manufactured, remanufacturing is rather similar to the individual making of a few, handmade products. As a result of the small batch sizes, high changing times for tools determine the process. Furthermore, workers need to be very skilled, not just to be able to deal with the re-assembly, but also to be able to deal with the different generations of engines in the disassembly, cleaning, testing, and sorting process.
Is the value recuperation of the cores able to offset the costs added by the more difficult production environment and the more difficult reverse logistics process? It seems from their description, that this particular remanufacturer operates under the waste stream approach. Implementing a marketdriven approach implies designing a PAM program (see Section 2.1.2) in order to assess different levels of quality at the beginning of the reverse logistics chain. The reverse logistics channel should then aim at providing only the interesting (good quality) cores to the remanufacturing facility, and cores of lesser quality should enter the proper (recycling) channels more early in the logistics network. This would most likely reduce the uncertainty and the costs in the reverse logistics network as well as in the remanufacturing facility. The reverse logistics channel should be strengthened to avoid the leakage of good cars out of the system. One of the difficulties here, clearly, is how to design the PAM program, given that the recovery potential of a product may be difficult to assess before the actual product disassembly takes place.
Product recycling
Recycling firms are basically confronted with the same obstacles as firms that remanufacture products (see Section 3.1). The process, however, is organized differently and is less impacted by the individual quality of product returns.
Currently, only a limited percentage of electric and electronic products, henceforth called EEPs, can be realistically remanufactured or have parts reclaimed. The high labour-cost, the low market value of the components, combined with product redesign and technology obsolescence preclude many remanufacturing efforts. Moreover, (weather) damage occurring at the use and collection stages may limit parts reuse. For many EEPs, however, the revenue generated from recovered materials, especially metals, may exceed the total cost of take-back and recycling. Based on the typical material composition of metal scrap, Reimer et al. (2000) report that one ton of electronic waste, processed efficiently, can yield up to about $9000 if the metals are sold at market prices. An EEP, however, may contain hazardous components for which the removal and treatment only add costs, e.g. components containing beryllium oxide, batteries, capacitors, asbestos, some plas-tics, and LCD-Displays. Certain products may therefore not be profitably collected and processed, and a fee must be charged to fund the recycling.
The product design and composition determine to a great extend the possible processing scenarios and the impurity levels achievable. In most situations, disassembly is a first step in which hazardous or valuable targeted components are removed, and in a second step, the remaining parts are shredded into flakes and are sent to material recovery processors. These specialist processors specify maximum impurity levels and minimum volumes for accepting product scrap (Das & Matthew 1999) . The impurity level will also determine the quality of the recycled material and thus the market price at which it can be sold. Aluminium for example is typically recovered in two streams, high and low grade. High grade is melted and then alloyed to industrial grade material. Low grade, containing impurities up to 10 to 20%, is shredded, passes an eddy current separator, and is then typically melted to remove oxides, gasses and other impurities. Because of the more expensive process, the price is typically less than half of high grade. An optimal disassembly decision will balance the cost incurred from disassembly with the profit that can be generated from separated parts and materials and the residual value present in the product. Prices on the market can vary considerably, e.g. prices for Palladium in 1998 varied by a factor 20. For the typical materials generated, there is no motivation to maintain large inventories since storage and holding costs quickly consume their value. When market prices are low, it may therefore become more economical to switch to less costly treatment processes that generate materials with higher impurity, or even to abandon the processing of certain product types if possible.
The processing of different product types may interact. A mix of products may be processed together or separately, after separation. Metal scrap obtained from different processes may or may not be blended, to achieve the required impurity levels that are accepted by the subcontractor (Reimer et al. 2000) . Steel, for example, because of its unique magnetic properties, is relatively easy to recover by shredding and then sending the flakes through a magnetic separator. Therefore, steel with a 30% impurity rate from other metals, may be accepted. If the impurity is largely aluminium, then impurity may rise to 40%. Steel containing non-metal impurities, however, may only contain 10% impurity (Das & Matthew 1999) . The reclaimed steel is sent to a foundry where it is melted down and remaining impurities may be released by heating it to high temperatures. Impurity level and batch size specifications may differ from one foundry to another, based on the specific processes and technology they use. Decisions are related to the cost associated with the level of separation before the processing, and the profit corresponding to (blended) material end streams with various compositions.
Compared to the processing cost, the transportation cost is often of the same order of magnitude, or may even exceed it (Bettac et al. 1999) . Especially for large organizations having several local recycling centres, the proper selection of recycling centres may be important. There is clearly a close interaction with the decisions to accept or buy endof-life products, how and where to process, and to whom selling recovered parts and materials.
Summarizing, the profit for a recycler may be generated from the combination of the acceptance of various batches of EEP products, the fee charged to the generators, the selection of the processing location and scenario, and the selling of the recovered material scrap and components to a suitable specialist material processor or component re-user. These decisions have to be taken and revised on a regular, e.g. monthly, basis.
A recycling process model
In the context of the European RELOOP project (Esprit, No. 25552), a model has been developed that takes these criteria into account with the objective to maximize the recycler's total revenue. For a detailed mathematical description, see Beullens (2001) . The model is a generalized network flow model with additional constraints, see Figure 1 for a graphical representation of an example. There are origin, destination, and transhipment nodes, and some of the latter correspond to resources that perform a transformation on the arcs flowing into the node. Each origin node corresponds to a particular batch of products supplied at a particular location or to inventories of (un)processed products available from the previous planning period. Each destination is associated with a set of end streams, possibly a blend of components, delivered to a particular subcontractor, or with end inventories to be transferred to the following planning period.
The model is fairly general. Both push and pull driven supply can be incorporated. Push driven supply can represent agreed or mandatory processing. However, capacity or demand shortages may cause that not all supply is accepted. Pull driven supply can be applied to identify items that can be profitably processed and marketed using available remaining capacity. Likewise, push and pull driven demand can be modelled. A pull demand can represent a target value, set e.g. in a long-term contract with a specific specialist processor. Excess demand is incorporated to allow for the processing of push driven collection when capacity is available. Finally, the generality in this model is mainly related to its flexibility to model the specific process options available at the recycler, as illustrated by the following example.
Example
A simplified example shows how the recycling model works. Basically, a recycling process decision tree is constructed that includes all the possible processing options available to the recycler. The example further illustrates the effects of a mandatory (push) versus a voluntary (pull) collection program.
A recycling company operates two working centres ( Figure 1 ): a manual disassembly centre, and a shredder facility specialized in electronic scrap (E.S.S.). Two electronic product types, A and B, are being offered, each at two different locations.
Product A can be manually disassembled using pneumatic tools into the following fractions: microprocessor, iron screws and covers, aluminium case, Printed Board Assembly (PBA), copper cable, and mixed plastics. Any disassembly operation in Figure 1 is indicated by a bow covering the arcs that represent the outflows of the disassembly process. As an alternative, in the E.S.S. shredder facility, the product is first shredded and a magnetic separator recovers the ferrous parts. The non-ferrous fraction is transferred to a riddle, separating the smaller parts (< 15 mm) (fluff). The remaining larger fraction is fed to an eddy-current separator where metals such as aluminium are recovered. The Recycling process decision tree for two products A and B, using manual disassembly and/or an electronic scrap shredder facility E.S.S. A disassembly operation is indicated by a bow covering the arcs that represent the outflows of the process. A blending operation is indicated by a dotted bow covering the inflows.
remaining fraction contains mainly copper, precious metals and the parts of the PBA. For product B, a manual disassembly step first separates the batteries and the plastics, and the remaining part is sent to the E.S.S., resulting in: a metals mix, aluminium low grade, a copper mix, and fluff.
The resulting material fractions all go to a specific market or a specialist processor (Figure 1) . Additional data for the example is given in Table 2 . It is assumed that there is a constraint set by the copper mix processor in that the total amount of impurities, X, must be smaller than 40%. This causes a problem for product A to pass the E.S.S., since X is 50%, but in combination with the copper mix of product B, having X ¼ 30%, specifications may be met. We therefore create two demand nodes for the copper smelter; one for the unblended material, and another one for the case the copper mix of A and B are blended. The blending operation is indicated in Figure 1 by a dotted bow covering the inflows of the blending process.
The data is used as input for the recycling process model. The model is solved with linear programming techniques. Table 3 summarizes the differences between various push (mandatory) and pull (voluntary) scenarios for A and B, assuming a supply of 200 ton of A as well as B. The first two columns on the left in this table are additional inputs of the model. The remaining three columns on the right are part of the model output. In the absence of B, processing A is unprofitable, the manual disassembly is chosen, and the fee charged to the customer offering these products should at least be 0.06 /kg. Also processing B is not profitable, with a total cost of 0.085 kg )1 . When processing A and B are both mandatory, the E.S.S. processing option for A becomes feasible, and since it turns out that the E.S.S. gives a net profit for A, the total cost for processing is only 0.015 kg )1 . The same occurs when A is mandatory and B is voluntary; some amount of B will be selected to allow the processing of A in the E.S.S. If B is mandatory and A voluntary, the whole available amount of A can be accepted and pass the E.S.S. to lower total costs. In the scenario of a capacity restriction on the E.S.S. and A pushed and B pulled, the proper mix of A and B will be processed in the E.S.S. to fill up its capacity and to assure that the copper mix fulfils the quality constraint (X £ 40 %), while the remaining amount of A is manually disassembled. When B is pushed and A is pulled under the capacity restriction, the remaining capacity is used to process A. The example shows that process selection may be influenced by various parameters: the offered available product types, the process logic, the possibilities to blend, the capacity restrictions and the cost structure. In practice, the copper mix will result in the extraction of other components as well, e.g. gold, palladium, and silver. More available specialist processors for copper mix, steel, and aluminium mix may be available, each having its own prices and quality limitations. More product types are generally processed, and more process options may be available, possibly at different locations. The solution then becomes less ''obvious'', and tools using models such as this one may provide valuable assistance to the selection of the most optimal solution.
Designing the product recovery network
The implementation of product recovery requires setting up an appropriate logistics infrastructure for the arising flows of used and recovered products. Physical locations, facilities, and transportation links have to be chosen to convey the products from their former users to a producer and from there to future markets. In Sections 2 and 3, the importance of the reverse logistics network to support product recovery activities has been discussed in the light of the market-driven approach, competition, and leakage control. In this section, the issue of designing the product recovery network itself is addressed.
Based on an extensive survey of models in the literature, Fleischmann et al. (2001) identify the following three generic characteristics of product recovery networks.
The coordination requirement. Recovery networks form a link between two markets, namely a ''disposer market'' where used products are set free by their former users and a ''reuse market'' with demand for recovered products. Both markets may coincide, resulting in ''closed loop'' goods flows, or be different, forming an ''open loop''. Typical steps during the transition from disposer to reuse market include collection, inspection and separation, re-processing, re-distribution, and disposal. In general, the network includes a convergent part on the collection side, a divergent part on the distribution side, and an intermediate part depending on the specific re-processing steps. This role of recovery networks as an intermediate between two markets gives rise to a coordination issue concerning supply and demand. The supply uncertainty. The availability of used products for recovery is much more difficult to control than the supply of input resources in a traditional supply chain. Therefore, there may be a considerable mismatch between supply and demand with respect to timing and quantity in a recovery network. The availability and the quality of used products are, in general, not known beforehand, which makes supply uncertainty a major characteristic of recovery networks.
The inspection, separation and choice of treatment. As a direct consequence of the supply uncertainty, separation and inspection become important issues in this context. In general, not all (components of) the collected products can be reused in the same way. Rather, feasibility of recovery options may depend on the condition of the individual product. For example, a used copy machine may be refurbished and sold on a secondary market if it is in good condition. If it is worn out, certain components may still be reused as replacement parts, whereas material recycling may be the only resort for heavily damaged machines. Since the quality of a returned product is, in general, not known beforehand, an appropriate disposition -and hence the destination of the product flowcan only be determined after inspection and testing. Moreover, even if technically feasible, a recovery option may not be economically attractive. Since total recovery costs depend on transportation and hence on the logistics network structure, designing the recovery network sets important constraints for the economical viability of recovery options.
Two main questions are of importance. First, how does product recovery alter the network design of a supply chain? In many cases, recovery networks are not set up independently ''from scratch'' but are intertwined with existing logistic structures. This is particularly true if products are recovered by the OEM. In this case the question arises whether to integrate collection and recovery with the original ''forward'' distribution network or rather to separate both channels. To this end, it is important to know how much product recovery is restricted by the constraints that are implied by the existing logistics infrastructure. This question is the more important since many companies have gone through a major redesign phase of their logistics networks recently, notably in Europe. Global logistics structures have replaced national approaches. However, in many cases product recovery has not yet been taken into account. This raises the question whether product recovery will require another fundamental change in logistics structures or whether it can efficiently be integrated with existing ones. Therefore, a first important question is how product recovery alters the network design of a supply chain. Secondly, supply uncertainty has been identified as a major characteristic of recovery networks. What is the impact of the uncertainty in supply of returned products on the network design? To assess its impact on network design, it is helpful to first analyse the impact of (deterministic) supply variations. Fleischmann et al. (2001) have investigated these issues. The remainder of this section will elaborate on their modelling approach and their findings. A generic product recovery network design model, a so-called mixed-integer-linear programming model, was build that took the above characteristics into account. They consider three intermediate levels of facilities, namely disassembly centres where the inspection and separation function is carried out, factories for the re-processing and possibly new production, and distribution warehouses. Moreover, two dispositions for the collected goods are considered, namely recovery and disposal, where recovery is only feasible for a certain fraction of the collected goods. The general structure of this network is displayed in Figure 2 .
Analogous to traditional facility location models, the objective is to minimize a total cost function, and the decisions relate to the number of facilities to open, their locations and the allocation of the corresponding product flows. Furthermore, there are technical and economic restrictions imposed on the reusability and reuse of returning products, respectively. Products should be disposed of due to the technical or the economical infeasibility of a fraction of returning products. There is, in other words, an additional degree of freedom concerning the issue of disposal, since it is allowed to locally dispose of technically good products due to economic reasons. This could be the case when e.g. returns from certain regions are too far from production facilities. It should be noted that the ''disassembly centres'' in the model refer to any form of inspection and separation installations rather than being restricted to mechanical disassembly in a strict sense. What is essential is that feasibility of recovery options for the individual products is determined at this stage. Similarly, ''disposal'' may include any form of recovery that is outsourced to a third party, e.g. material recycling. It is only required that this flow leaves the network at the disassembly centres.
The model formulation is fairly general and can reflect many different recovery situations. Firstly, different market structures can be taken into account. First, a particular customer may be part of the reuse market, the disposer market, or both. Secondly, both push (collection obligation) and pull driven collection (market-driven approach) can be expressed, describing the economics of the disposer and the reuse market, and this may well be dependent on the region of the customers so that differences in regional economic or regulative factors can be considered. Thirdly, a regular production source (availability of new virgin materials) in addition to product recovery can be included or suppressed.
The model was intensively tested for two cases: copier remanufacturing and paper recycling (Fleischmann et al. 2001) . A detailed numerical analysis on these cases was carried out to investigate: if adding a recovery network to an existing forward network (sequential design) entails substantially higher costs than the simultaneous design of forward and reverse network (integral design), the impact of different return rates on the network design.
Example 1: Copier remanufacturing
The copier remanufacturing example followed in broad terms the direction of several case studies on copier remanufacturing. Major manufacturers such as Xerox, Canon, and Oce´are remanufacturing and reselling used copy machines collected from their customers. For it to be considered for remanufacturing, a used machine must meet certain quality standards, which are checked during an initial inspection at a collection site. Remanufacturing is often carried out in the original manufacturing plants using the same equipment. Machines that cannot be reused as a whole may still provide reusable spare parts. The remainder is typically sent to an external party for material recycling. In this example, the focus is on the remanufacturing and recycling/disposal options. The design of a logistics network for copier remanufacturing was placed in a European context. The copier manufacturer serves retailers in 50 major European cities (capitals plus cities with more than 500,000 inhabitants). Customer demand at each retailer is assumed to be proportional to the number of inhabitants of the corresponding service region.
In a first step, a ''traditional'' situation without product recovery is considered. In this case, a standard ''forward'' production-distribution network is determined, i.e. the locations for plants and distribution warehouses and the allocation of the resulting goods flows. The bold lines in Figure 3a show the resulting optimal forward network, consisting of one central manufacturing plant in Frankfurt and five regional warehouses in Frankfurt, London, Barcelona, Milan, and Belgrade. For the sake of clarity, the flows to and from the customers have been omitted. Each customer is assigned to the closest warehouse. Total costs for this solution amount to k 44,314.
Assume now that product recovery is introduced as an additional activity, which has to be integrated into the existing forward network. Suppose that the return volume of used products amounts to 60% of the sales for each retailer. Moreover, due to environmental regulation and service considerations all returned products have to be collected. After inspection, 50% of the returned products turn out to be remanufacturable while the remainder has to be sent to an external material recycler. To design the return network, locations for the inspection/disassembly centres and allocations of the return goods flows need to be determined. Note that this includes a dispositioning decision for the remanufacturable machines, which may but do not have to be reused. The dotted lines in Figure 3a show the optimal return network, comprising six regional inspection centres located in Frankfurt, London, Paris, Valencia, Milan, and Budapest. Moreover, it turns out that all machines that are technically acceptable should actually be remanufactured. Total costs (including the forward network) are k 45,366. The forward and the return network are very similar in this example. This may not be surprising since the degree of freedom for the return network design is fairly limited due to the fixed forward structure.
To assess the impact of this restriction, an integral design optimizing both forward and return network simultaneously is finally considered. Figure 3b shows the optimal integrated network for this example. It turns out that the optimal network now decomposes into two parts with manufacturing plants in Paris and Berlin, respectively. Clearly, the structure of this solution differs significantly from the network in Figure 3a . The product return flow, therefore, can have an impact even on the forward network design. Due to the additional goods flows, product recovery is a reason for decentralization in this example. However, considering the cost effects puts this picture in a different perspective: total costs for the integrated solution amount to k 45,246, which comes down to savings of less than 1% with respect to the sequential approach. Hence, for this example, the sequential and the integrated recovery network design approach lead to different solutions but cost differences are negligible. In other words, the fixed forward network structure does not impose significant restrictions on the design of an efficient return network. Clearly, this is good news for the manufacturer starting to engage into product recovery. Essentially the same results were found in many other scenarios for varying input parameters.
Example 2: Paper recycling
This case is motivated by European paper recycling business. Waste paper comprises about 35% of total household waste volume in Europe. At the same time, increasing demand for pulpwood in paper production puts a heavy burden on forest ecosystems. Therefore, paper recycling has been a major issue for at least 20 years now. In this context, consider the design of a logistics network for a European paper producer. Customers and potential facility locations are the same as in Example 1. However, it is necessary here to take into account an additional cost element, namely raw material transportation. Assume that pulpwood is exclusively supplied from forests in Scandinavia and adds its transportation as a location dependent element to the production costs. Moreover, assume that transporting pulpwood is significantly more expensive than transporting paper.
Again, a pure ''forward'' network without collection and recycling is analysed first. The bold lines in Figure 4a show the resulting optimal solution consisting of a central production plant in Stockholm and five regional warehouses in Stockholm, Hamburg, Saragossa, Milan and Krakow. Total costs for this solution amount to k 19,570.
Second, recycling of waste paper is included. For this purpose, pre-processing centres need to be installed where collected paper is sorted and compacted and then transported to a production plant. Processing centres play the same role as disassembly centres in Example 1. A maximum of 70% of the sales volume is assumed to be available for collection at each customer. For comparison, note that EU directives set minimum targets of recycled paper content for packaging material of 60%. In line with current policy, assume no takeback obligations for used paper. Hence, collection follows a pull approach. Finally, assume that 10% of the collection volume is extracted at the preprocessing centres as being non-recyclable. The dotted lines in Figure 4a indicate the optimal collection network in this case. Six regional pre-processing centres are located in Stockholm, London, Paris, Milan, Hanover and Wroclaw. Moreover, collection in southern Europe turns out not to be economically attractive, including the Iberian Peninsula, southern Italy, and the Balkan. The additional logistics cost are too high to transport the used paper to the central recycling facility. Total costs of this network, including the fixed forward locations, amount to k 17,990.
Finally, for this example an integral design optimizing forward and return network simultaneously leads to results shown in Figure 4b . As in Example 1 the optimal network now decomposes into two parts. A plant in Stockholm now only serves the northern and northeastern part of Europe, while all other countries are served from a new plant in Brussels. Note that this result is in accordance with what is observed in industry. The collection strategy has also changed when compared to the sequential approach. With exception of Athens and Palermo collection is now beneficial at all locations. As a consequence, the number of pre-processing centres increased to eight. However, what is even more significant is that the total network cost decreased to k 14,540, which is about 20% lower than the sequential design. Hence in contrast with Example 1, optimizing the forward and the return network simultaneously not only leads to a different solution than a sequential approach in this case, but also results in a significant cost benefit.
Network design: Conclusions
The following general conclusions are made. Different results in both cases are found: while the integral design, in general, results in a more decentralized network, cost differences are significant only in the paper recycling example. In general, forward flows dominate the network design. The impact of return flows increases with a decreasing number and uniformity of potential facility locations and with an increasing economic incentive for product recovery, namely higher production cost savings, higher penalty costs for rejecting collection, and higher disposal costs. Only a significant impact of return flows on the forward network is found, and hence a cost difference between the integral and sequential design, in case of a major structural difference between forward and reverse channel cost structures together with high return volumes, as in the paper recycling case. This is good news in the sense that product recovery can in many cases be implemented without requiring major changes in the existing ''forward'' production-distribution networks. Moreover, separate networks can be expected to be much easier to deal with organizationally. A company can create a new, dedicated organizational unit to deal with return flows. Therefore the cost of coordination and restructuring tends to be lower.
From a methodological point of view the observed robustness means that forward and return networks can be modelled separately in many cases, significantly reducing the problem sizes. Finally, these results suggest that supply uncertainty can be expected to have a limited effect on the network design and that a deterministic modelling approach appears to be appropriate for the recovery network design in most cases. Longterm non-stationary effects as implied by starting up and extending product recovery activities may be an argument for multi-period models, which certainly deserve further attention.
Design of the collection system
It is not yet known to what extent reverse logistics might increase the total amount of transportation in supply chains -partially since it will also reduce activities related to the use of new, extractive resources. It is clear, however, that the extra transportation will diminish the environmental benefits of closing the loop. Likewise, inefficient or ineffective transport activities limit the economic success of reprocessing products. In this final section, it is shortly discussed how the collection and transport system may be designed, and what the important parameters for optimization are.
First and foremost, there is the question of novelty. How does the collection of old products differ from the distribution of new products? In some contexts, there aren't any significant new issues. Return flows of low value which may be consolidated to form large batches, can be collected by firms deploying container transporters and/or transport by rail, waterways, or sea. Other than the issue of perhaps transporting invaluable goods, there is no significant difference with the transport of bulk materials. Valuable items, such as repairable airplane parts or refillable copier cartridges, can be transported by common carrier, parcel post, or express services. These transport companies do not make a distinction for their planning between ''normal'' goods and products that are part of a reverse logistics flow. Such cases hardly need any further discussion, yet it would be unjust to generalize. Beullens et al. (2004) provide the following examples to introduce some of the new issues that can arise due to increased return flows from customers.
Collecting from industrial firms. A specialist recycler in the U.K. collects products with a hazardous content from car repair centres, such as oil filters, fluorescent tubes, oil rags, and car batteries. The goods are collected every month or every three months. There are three depots in the U.K., and the country is divided into a set of 30 sectors. Every week, collection vehicles visit some of these sectors. One of the issues the considered company faces is designing the sectors so as to meet the desired periodic collection schedules at the lowest cost. There are two cost factors: the number of vehicles needed per week and the variable routing cost. The company wishes to minimize the hiring of extra vehicles and tries to work with a fixed set of company-owned vehicles. Therefore, balancing the workload by sector design is considered an important objective. Collecting from households and small businesses. The cost of collection per unit of mass varies from city to city and region to region. Empirical findings about the efficiency of refuse collection schemes are reported in the literature. While a part of these differences are the result of differences in demographics and demand, another part can be attributed to the variety in the organization. For example, the costs differ, ceteris paribus, between a system that uses kerbside collection and one where the collection occurs from drop-off sites, whether high or low collection frequencies are in place, whether regular or irregular (continually re-optimized) collection schedules are being used, etc. Some of these studies report the observed changes in collection cost and quantities due to the introduction of a source separation program. Instead of collecting a heterogeneous stream of products at one time, the stream is now divided into distinct classes at the collection point. The primary purpose is to facilitate the separate reprocessing of each class in specific recycling units. One of the issues is the new collection frequency of each stream and deciding when to visit each collection point. Decisions should optimize the operational efficiency within the boundaries of the social and political constraints. A related issue is whether to collect those separate streams in a single combined visit with one truck, or separately, with two stops made by different vehicles. How do source separation, visit frequency, and collection method affect the transport cost? Integrating deliveries and collections. Several take-back schemes are reported in the literature, including printer cartridge recycling in Great Britain, power tools recycling in Germany, worldwide take-back and reuse of single-use cameras, and worldwide collection and refurbishing of IT equipment. In these cases, transportation of old products is combined with delivery of new products. While distribution schedules are usually fixed, there is more freedom in specifying the moment the old products are collected. Returns can be collected during the next delivery, but the collection may also be postponed until a larger quantity is available. In some retail chains, deliveries occur daily to every store, and returns are only collected every two or three days. How to determine the optimal postponement policy? In addition, vehicle routing may need to take into account strict time windows for delivery, especially regarding food stores, with possibly a separate compartment in the vehicle reserved for cold storage. Collecting returning goods may get in the way.
A common observation in these cases is the presence of two decision levels. On the highest level, the decisions concern the design of the system, such as the customer service policy. The challenge is to design the system so as to fully exploit the features specific to reverse logistics, in particular the available degrees of freedom. On the lower level, vehicle routing problems are solved taking into account the specific design and relevant additional constraints.
General collection system design considerations
The design of the system should meet the general requirements of effectiveness and efficiency. Product recovery starts with the effective acquisition from the generators (former users). The aim, clearly, should be to avoid the targeted products ending up in (unwanted) waste streams. The generators must be willing to participate consistently. This behaviour can be stimulated by assuring that the collection program delivers good service. The service must be convenient and consistent in time. At best, it will offer the lowest cost alternative. The second requirement for effectiveness is to design the collection and transport system in view of the targeted reprocessing application. Reuse naturally requires that products are returned in the best possible condition and are shielded from any sort of (weather) damage. Material recovery, however, can often bear less careful handling. The products also need to be transported in a cost-efficient way to the facilities of the reverse logistics network. Efficiency may call for the temporary storage and accumulation of products before being shipped, volume compaction, source separation, special vehicle characteristics, etc.
Collection system design aspects
A distinction is made between four aspects: the collection infrastructure, the collection policy, the combination level of the collection, and the characteristics of the collection vehicles.
Collection infrastructure
The collection infrastructure relates to the points at which generators hand over the used products to the network. The three prominent types are as follows.
(1) On-site collection. Used products are collected on the premises of the generator. This type of collection is often applied to commercial firms or for the kerbside collection of refuse and recyclables from households. (2) Unmanned drop-off sites. The generators bring the products to large storage containers at a designated location in the neighbourhood. This is often used as an alternative to kerbside collection for refuse or separated recyclables such as glass bottles, paper, or textiles. (3) Staffed and smart drop-off sites. Staff supervision allows for a more selective acquisition and careful separation. Municipal collection depots, second-hand shops, and even regular shops and retailers can all fulfil this function. Smart drop-locations are ''intelligent'' unmanned drop-off sites with a similar purpose. They are relatively new and are currently used for recyclables or reusable packaging (tin cans, bottles). A smart glass collection machine, for example, automatically sorts bottles according to colour and does not accept other products. In addition, the machine shreds the bottles to maximize the use of its capacity. Equipped with monitoring devices and telematics, it signals information on the remaining capacity or any malfunction to the collector.
Introducing more systems in parallel usually increases the capture rate; for example, installing drop-off sites both at the retailers and at the municipal refuse collection depots. The integration with existing programs, in particular with the local refuse collection system, can be appropriate and has the advantage of familiarity. The collection might also be organized infrequently and ad hoc. For example, generators can be invited through the local media to bring the products to the municipal depot during a specific ''collection week''. Or, vehicles can make short stops near convenient locations such as schools and churches, providing in this sense ''mobile'' drop-off sites.
Collection policy
The collection policy specifies the moment(s) at which a collection point is serviced and the volume collected per visit. The foremost ways to determine the moment of collection are as follows.
(1) Periodic schedules. A periodic schedule is a subset of periods (days) chosen from a base set of consecutive periods, which is repeatedly used. Typically, the collector can initially determine the actual visit periods to be included in the schedule. Once specified, however, visits routinely have to occur during these periods. (2) By monitoring demand. Smart drop-off sites monitor the generation rate, and the information is used to insert visits just in time, to prevent overspill, in a dynamic route-planning model. (3) Call services. For collections from staffed drop-off sites, visits may be triggered by a call from the collection point. The collector may specify that a minimum quantity of products should be available before the call is made. In a call service with periodic collection, the collector will plan the visit in the next time period that is part of a pre-arranged periodic schedule for the geographic area to which the collection point belongs. In the call service with a timely collection guarantee, the collector assigns the visit to a period at will, but ensures collection before a predefined time has elapsed from the moment of the call. (4) Triggered by a distribution schedule. If the integration of collection and delivery is allowed (see also the next section on combination level), the moment of collection could be triggered by a distribution schedule for the customer at the collection point itself or for a customer at a location in its neighbourhood.
As for the volume collected per visit, it is standard practice that all goods are collected. The exception occurs when the vehicle has reached its capacity.
In that case, the remaining products are either collected (by another vehicle) shortly after or during the next scheduled visit.
Combination level
Services related to different classes of flows of goods can be combined in various ways.
(1) Separate routing of independent resources. A dedicated fleet of single compartment vehicles collects one (possibly heterogeneous) flow of goods.
(2) Separate routing of shared resources. Two or more classes of flows are collected either with the same crew or by the same set of vehicles, or both, but in any case different classes are never in the same vehicle at any point in time. The vehicle is dispatched to collect one class and it can only be assigned to a different class after unloading at the depot (and possible cleaning and setup of the vehicle). (3) Co-collecting source-separated flows of goods.
Two or more classes are collected simultaneously, hence two products of different classes are allowed in the vehicle. 
Vehicle type
Finally, the characteristics of the collection vehicles have to match the collection infrastructure, policy, and combination level. Different truck designs and assorted collection equipment are described by Graham (2001) . There are two remarks of importance in the context of system design. First, more and more multi-compartment vehicles become available. Traditional collection vehicles have a single compartment and may be equipped with a compaction mechanism. Recent co-collection vehicles are flexible in number and relative size of compartments, or in the compaction rate of different compartments. Dual-compartment vehicles for example, can co-collect two classes, e.g. refuse and recyclables, refuse and yard trimmings, or two streams of recyclables. Second, vehicles focusing on the integration of collections with deliveries are made more accessible than the traditional rear loaders by means of tailgates at the sides, possibly in combination with a conveyor belt covering the full length of the truck's floor.
Features of vehicle routing models for product recovery
What are the typical features that may be needed or encountered in vehicle routing models for reverse logistics?
(1) More freedom. The distribution policy in a ''traditional'' supply chain context is typically customizable. The benefits of personalized delivery outweigh the additional logistics cost. But an old returned product does not represent a capital cost to the generators or retailers, and there is no such thing as the threat of a ''lost sale'' for the retailer if the collector chooses, within some limits, the collection moment. As a result, retailers and generators can more easily agree on a standard policy if this keeps the bill low. In particular, the absence of customer-specific time constraints, visit schedules, and/or bin-packing effects (see ''allowing split collection'' below), results in routes that are less likely to overlap. Each vehicle will collect in its own geographical zone. The following modelling features may be encountered. (2) Demand on nodes and arcs. In distribution settings, typically, demand can be modelled as being located on the nodes of a network, i.e. the extreme points of the arcs. Each arc between two demand nodes represents the shortest or cheapest set of roads connecting these two delivery locations. In some reverse logistics settings, e.g. kerbside collection of recyclables, demand may be better modelled as being continuously distributed along (some of) the arcs of a (road) network, given the many stops per vehicle tour. (3) Allowing split collection. As a rule, split delivery is not allowed in the ''traditional'' distribution models, i.e. the total demand of a customer must be delivered in one single visit. Vehicle routing models hence need to cope with bin packing constraints that may interfere with the minimum distance objective, especially when there are large demands relative to the vehicle capacity. In reverse logistics, split collection is more often allowed on the condition that the accumulation capacity of the collection infrastructure is taken into account. (4) Multiple vehicle types. Professional collectors deploy a mixture of several vehicle types, different in number of compartments, capacity, multi-mode capabilities, compaction mechanisms, and/or (un)loading mechanisms. The vehicle routing may involve deciding which vehicle to use for which collection tasks (vehicle fleet mix problems). (5) Combining multiple inbound and outbound flows. The acquisition of low-value flows of goods from a large number of sources requires the use of a low-cost system and, obviously, increasing the combination level can help achieve this objective. The vehicle routing models thus need to be able to cope with the various combination approaches described in Section 5.2.3. (6) Supply uncertainty. As often mentioned in the literature, the availability in timing and volume of used products is, in general, more difficult to predict than in a distribution context. Stochastic vehicle routing techniques apply. In perhaps the simplest way, however, robustness can be obtained by artificially reducing the collection capacity of the vehicle for the planning of the routes. For refuse collection, the compaction mechanism can be ''abused'' to collect a little more than foreseen. Split collection may also be a means to avoid extra vehicle trips. (7) Multi-period models. In distribution settings, customer-specific time windows or narrow transport time windows arise frequently. In a typical reverse logistics context, the time windows are not that extremely small, and for low-value products the time span covers typically more than a few days. To exploit the option of postponement of collection to later workdays (periods), multi-period vehicle routing models have to be used. The features mentioned above may be encountered here as well. In addition to these are the following. Collection policy. Multi-period vehicle routing models are needed for the various collection policies specified in Section 5.2.2.
Minimizing the fixed cost. In some reverse logistics settings, sizable investments in specialized vehicles or manpower require the consideration of fixed costs as well as variable (routing) costs. In particular, for the design of the collection policy and for solving the multiperiod routing problem, the maximum number of vehicles simultaneously deployed over the planning horizon is to be minimized. While fixed costs obviously are also of importance in distribution settings, it is generally easier and cheaper to rent common vehicles or hire common carriers in peak periods.
Some findings related to household refuse collection
Collecting refuse or recyclables from households in cities is typically organized by splitting the service region into several sectors and for each sector specifying the particular days on which a collection occurs. This sector design is firstly used to balance the workload of the vehicles between the workdays in order to minimize the fleet size. Secondly, it should also allow for an efficient daily routing of the collection vehicles. Research by Beullens (2001) indicates that the sector design, although having a large impact on how well the workload between the workdays is balanced, is not significantly affecting the routing cost over a longer period of time. This insensitivity to sector design supports a hierarchical solution approach which makes the problem easier to handle and more attractive. In a first stage, sector design models need to especially look at workload balancing, i.e. minimizing the fleet size by determining an optimal set of sectors and their periodic schedules. In a second stage, single-period vehicle routing models can then be used to determine the individual vehicle routes within each sector. Sector design models have been proposed by Beullens (2001) . It is also found that the routing cost is a linear function in the collection frequency f, all else equal, of the form C 1 + C 2 f, where C i (i ¼ 1, 2) represents a constant. The collection frequency therefore has a considerable impact on the collection cost. Furthermore, for the case refuse is homogenously distributed between n points in a service region of area A, vehicle capacity is W v , and W amount of refuse is daily produced in the service region, the routing cost can be characterized as follows (Beullens et al. 2004) :
This dependence on n partially explains why kerbside collection is more expensive than the collection from drop-off sites or municipal depots where, obviously, a part of the cost for travelling and (un)loading is on account of the households. Usually, the cost difference is even worse since kerbside collection needs a higher collection frequency to deal with the limited accumulation capacity of a single household. Another cost disadvantage of kerbside collection is related to the flexibility in the visit schedule design. This means that collection frequencies in kerbside collection programs generally require a stable and predictable schedule, while the collection from drop-off sites, and especially from municipal depots, can be organized more arbitrarily, i.e. on the moment the container has reached its capacity. Kerbside collection is, however, often still used. One aspect that may play a role in this trade-off is that kerbside collection typically realizes higher capture rates, i.e. more recyclables are separately collected and removed from the refuse stream. From an overall perspective, higher capture rates may hence be favourable since this may lead to increasing recycling rates. The routing cost, however, becomes an important factor for sector design when planning for the co-collection of two flows toward the same depot. In Beullens et al. (2004) , it is shown how to estimate the effect on total cost when a source separation program (see Section 5) is introduced, and how to design sectors. Using optimal sector designs for both situations, before and after the introduction of source separation, the cost can either increase or decrease. This largely depends on the choice of collection frequencies and the level of combination (independent routing in single-compartment vehicles, sharing single-compartment vehicles, or co-collection in two-compartment vehicles, see Section 5.2). In all investigated cases, however, a good sector design makes co-collection the lowest cost approach.
In particular, analysis indicates that the weekly co-collection of two streams is about 10% cheaper in routing cost than the weekly collection of one stream and separately collecting the other stream every two weeks. It is therefore somehow surprising to see the latter scenario occurring in practice. Reasons for this can be (1) many single-compartment vehicles are still in use and a change to dualcompartment vehicles is expensive; (2) a dualcompartment vehicle needs to be flexible to adjust the relative compartment size to the local capture rate observed during its tour, otherwise one compartment might be full sooner than the other, decreasing collection efficiency; and (3) both collection tasks are outsourced to different organizations. The latter, combined with the consideration of a specific depot for each organization, will tend to decrease the value of co-collection, as indicated by some preliminary analysis in Beullens et al. (1999) .
Some findings about the integration with distribution
Another way to combine several flows of goods is to integrate the collection and distribution activities, by means of backhauling or mixing (introduced in Section 5.2). Figure 5 illustrates the general situation. Vehicles are located at a depot. Products need to be delivered from a depot to several customers. At the same time, (used) products need to be collected from (other) customers and transported back to the depot. Each request is a fraction of the vehicle's capacity (less-than-truckload). The situation represents, for example, the delivery and take-back of photo copiers from business customers or the recently growing use of .75 m 3 reusable metal containers -replacing one-way wooden containers -for the transportation of heavy intermediate components between a supplier and industrial customers. Some insights obtained by Beullens et al. (2004) are described next. In general, it is shown in that integration can at most reduce the total distance travelled by 50%, compared to separately organizing the delivery and collection. Examples, with particular well-chosen locations and demand sizes, can easily be constructed where the savings are either 0 or 50%, for mixing as well as for backhauling.
Consider the situation where many customers are independently drawn from an identical distribution over a bounded service region of the Euclidean plane. Then more specific insights are obtained from an asymptotic probabilistic analysis. It appears that a determining factor is the number of vehicles needed. When the vehicle capacity grows with the number of customers n such that all delivery demands and all collection demands can be serviced separately by a single vehicle, backhauling is asymptotically as ''inefficient'' as separate routing, while mixing clearly performs better. How much better depends on how delivery and collection requests are geographically distributed. The result depends on two parameters, b and c. The first parameter can be defined as the ratio of collection requests in the region to the number of delivery requests. The parameter c is roughly defined as the ratio of collection requests that coincide with a delivery requests (so-called exchange customers) to the total number of delivery requests. Figure 6a shows the relative distance reduction for this singlevehicle case between mixing and backhauling or between mixing and separating delivery and pickup tours. The relative distance reduction, lim n!1 DT =T ¼ lim n!1 ðT S À T M Þ=T M ¼ lim n!1 ðT B À T M Þ=T M = (with probability one)
where T I is the total distance travelled under policy I (I ¼ M, B, or S; M ¼ mixing, B ¼ Backhauling, S ¼ Separating). Mixing is most valuable when b is larger and c is closer to b. In the analysis, it is sufficient to consider situations where b £ 1 since the other case can be considered by changing the role of collection and delivery requests in the model.
The situation is different when the vehicle capacity is fixed or does not grow sufficiently with the number of points, so that the number of vehicles needed also tends to infinity with the number of points. Then backhauling becomes as efficient as mixing. The benefit of integration compared to separating delivery and collection tours depends again on b but also on a parameter e, which can be interpreted as the relative size of an average collection to an average delivery load. The c parameter becomes irrelevant for this case. Figure 6b shows for this multi-vehicle case the relative distance reduction from mixing or backhauling compared to separating delivery and pickup tours. Now, the relative distance reduction, lim n!1 DT =T ¼ lim n!1 ðT S À T M Þ=T M ¼ lim n!1 ðT S À T B Þ=T B = (almost surely) lim DT T ¼ min be; 1 be
The integration of collection and distribution seems most valuable in these situations where the product be approaches 1. Finally, it is worthwhile to mention that in the case of integration, the proper matching of delivery and collection frequencies has a considerable impact on efficiency. In this context, Beullens et al. (2004) investigate the value of postponing pickups when they can be integrated with non-postponable deliveries. They propose a model for the derivation of conditions that determine when postponement will generate savings, how big these savings are, and how to calculate the optimal postponement level. The value of postponement demonstrated in these models underlines the observed postponement approaches in practice and stresses the importance of developing multi-period vehicle routing models with integration, models that are currently not available in the literature.
Conclusions
In this chapter, obstacles that may arise when introducing product recovery in the economic landscape are being described, as well as the frameworks, models, and insights from recent research. In general, the obstacles can be related, on the one hand, to the discrepancies between product recovery and the strategic objectives of the firm, and, on the other hand, to the (expected) difficulties related to the efficient and effective implementation of the logistic process that is needed to support the reuse and recycling activities.
First, a firm needs to establish if product recovery activities will increase shareholder wealth. They need to consider if they (will) operate under a waste stream or a market-driven approach, or a combination, and if they will outsource these activities or not. Other aspects of a strategic importance are marketing-related issues, including the importance of a green image and the potential interaction with the sales of new products, and aspects of product design, competition, coordination, and legislation.
Second, the operational planning of remanufacturing and recycling facilities is typically different than in the forward supply chain. Obstacles are the uncertainty in the variety, quality, quantity, and timing of the returning products, and the necessity for an efficient and effective reverse logistics network that collects the interesting products from the (end-) customer.
Third, the design of reverse logistics network is complicated by the needs to match supply and demand and steer the incoming products of different variety and quality effectively and efficiently to the desired reprocessing facilities.
Finally, increasing reverse logistics flows from the disposer markets introduce new issues in the areas of collection and vehicle routing. Two prominent differences with ''traditional'' distribution logistics are the usually low value of the goods and the large degree of freedom in deciding the moment and method of collection. The search for the lowest-cost approach leads to multi-period vehicle routing models that need to include strategies that combine the transport of multiple flows of goods. In particular, models for co-collecting separated waste streams and for integrating delivery and collection activities are in demand.
These issues are, amongst others, important and deserve further consideration in order to develop the field of product recovery in a practical economic context. More on economic and logistic aspects of product recovery can be found in the book of Dekker et al. (2004) .
